Statistical Analysis
For each patient within the cohort, we calculated the number of person-years at risk by sex, 5-year age-group, and calendar year, starting from the date of the first treatment and ending on the date of the end of follow-up, or on the date of the subject's 85th birthday, death, or other loss to follow-up, whichever occurred first. Follow-up was censored at age 85 years because beyond that age, certification of cause of death is likely to be inaccurate and national (i.e., expected) death rates by 5-year age-group are not available. For timedependent variables (i.e., time since first treatment, attained age, and treatment modality), patients were allocated at each follow-up point in the analysis to the analytic category that applied to them at that time. Radiotherapy field was categorized as total nodal, subtotal nodal, mantle, other supradiaphragmatic, infradiaphragmatic, or unspecified. Chemotherapy was categorized according to the agent used. It was not practical to examine risks on a cohort basis in relation to dose or fractionation of treatments; those factors will be addressed elsewhere in a nested case -control study.
Expected numbers of deaths from myocardial infarction were calculated by multiplying the age-, sex-, and calendar-year -specifi c person-years at risk in the cohort by the corresponding mortality rates for the general population of England and Wales. We calculated standardized mortality ratios (SMRs) for myocardial infarction death as the ratio of the observed to the expected numbers of deaths; these ratios are sometimes referred to in the text as relative risks. Likelihood-based 95% confi dence intervals (CIs) were calculated from Poisson models ( 10 ) . All statistical tests were two-sided. Trend tests were performed as previously described ( 10 ) . To calculate absolute excess risks, we subtracted the expected number of cases from the observed number of cases, divided the difference by the number of person-years at risk, and then multiplied by 100 000. We used the Kaplan -Meier method ( 11 ) to calculate cumulative (i.e., actuarial) risks. The analyses were conducted with the use of Stata statistical software (version 9.2; Stata Corporation, College Station, TX).
Results
Of the 7033 patients included in the study cohort, 62% were male and 35% were first treated before 1980 ( Table 1 ) ; 31% were
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Prior knowledge
Long-term survivors of Hodgkin disease have a higher risk of death from myocardial infarction than does the general population. However, the effects of specific chemotherapy regimens that are used to treat Hodgkin disease patients on their risk of death from myocardial infarction are unclear.
Study design
Collaborative British cohort study.
Contribution
The risk of death from myocardial infarction among Hodgkin disease patients was two and a half times that in the general population. Increased risks persisted for at least 25 years after treatment. The risk of myocardial infarction mortality was increased for Hodgkin disease patients who had been treated with supradiaphragmatic radiotherapy, anthracyclines, or vincristine.
Limitations
The analyses did not take into account potential differences in nontherapeutic risk factors for myocardial infarction between the cohort or specific treatment groups and the general population. The risks associated with specific chemotherapy agents could not be estimated with certainty because different agents are frequently used in combination.
Implications
Additional studies in other cohorts and/or case -control studies are needed to clarify the association between specific chemotherapeutic agents and regimens and myocardial infarction mortality.
younger than 25 years when first treated, 45% were 25 -44 years old, and 24% were 45 years or older. A total of 64% of the cohort members were registered in the BNLI database, and 11% -14% were registered in the databases of each of the Royal Marsden, St Bartholomew's, and Christie hospitals. During follow-up, 2441 cohort members died, 27 were censored when they reached the age of 85 years, 66 emigrated, and 255 (3.6%) were otherwise lost to follow-up, leaving 4244 cohort members who were alive at the end of follow-up for their subcohort (see "Patients and Methods"). Follow-up was for a total of 78 382 person-years, or an average of 11.1 years per study subject. The cause of death was ascertained for 2424 (99.3%) of the subjects who died; 166 of these deaths were due to myocardial infarction.
The relative risk of death from myocardial infarction in this cohort was statistically signifi cantly increased more than twofold compared with the general population (SMR = 2.5, 95% CI = 2.1 to 2.9) and was slightly higher in males than in females ( Table 2 ) . By contrast, the absolute excess risk of death from myocardial infarction, which was 125.8 per 100 000 person-years for the LOPP  2160  18 009  MOPP  1151  13 346  ChlVPP  987  9271  MVPP  829  10 289  EVAP  862  6863  PABLOE  627  2732  ABVD  385  1760  Total  7033  78 382 * LOPP = chlorambucil, vincristine, procarbazine, prednisone; MOPP = mechlorethamine, vincristine, procarbazine, prednisone; ChlVPP = chlorambucil, vinblastine, procarbazine, prednisolone; MVPP = mechlorethamine, vinblastine, procarbazine, prednisone; EVAP = etoposide, vinblastine, Adriamycin (doxorubicin), prednisone; PABLOE = prednisone, Adriamycin (doxorubicin), bleomycin, vincristine, etoposide; ABVD = Adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine. † Number of person-years for some categories do not exactly total 78 382 because of rounding. ‡ Person-years were calculated as a time-dependent variable (see "Patients and Methods"). The chemotherapy regimens displayed are the most common ones, and the numbers of subjects are not mutually exclusiveindividuals may be included in more than one chemotherapy category. § Includes five patients treated with total-body irradiation. cohort overall, was more than three times higher in males than in females. The relative risk of death from myocardial infarction for the entire cohort was unaltered when we censored follow-up at the occurrence of a second malignancy (SMR = 2.5, 95% CI = 2.1 to 2.9; data not shown). The relative risk of death from myocardial infarction decreased sharply with older age at fi rst treatment and was only slightly and non -statistically signifi cantly increased in the oldest age-at-fi rst-treatment group (i.e., cohort members who were 65 years or older) compared with the general population ( Table 2 ). However, the absolute excess risks of death from myocardial infarction increased steadily with older age at fi rst treatment except beyond age 65 years at fi rst treatment. The relative risk of death from myocardial infarction decreased with attained age, but the absolute excess risks did not change in a consistent way. We also examined the association between attained age and the relative risk of death from myocardial infarction separately for males and females to see if there was any evidence for an effect of menopause on risk. We did not have data on the menopausal status of the female members of the cohort; instead, we used an attainedage cut point of 50 years as a proxy for menopause ( 12 ) . In females, the standardized mortality ratio at attained ages younger than 50 years was 9.6 (95% CI = 3.5 to 20.8) and that at older attained ages was 1.8 (95% CI = 1.1 to 2.7); in males, the corresponding standardized mortality ratios were 6.0 (95% CI = 4.3 to 8.1) and 2.1 (95% CI = 1.7 to 2.5), respectively (data not shown). Thus, standardized mortality ratios were reduced with older age to a greater extent in women than in men when a cut point at the approximate age of menopause was used, although the difference in reduction was not statistically signifi cant ( P = .22).
During the fi rst year after the start of treatment, the relative risk of death from myocardial infarction for this cohort was statistically signifi cantly increased by approximately fourfold compared with the general population; the risk was approximately twofold higher during years 1 through 14 after the start of treatment, peaked again at approximately fourfold higher during years 15 through 19 after treatment, and remained statistically signifi cantly threefold higher during years 20 through 24 after the start of treatment. Risk of death from myocardial infarction was greatest for patients who were fi rst treated for Hodgkin disease before 1980; however, the risks were also statistically signifi cantly increased for those who were fi rst treated more recently ( Table 2 ). The 20-year cumulative risks of myocardial infarction mortality were 1.8% (95% CI = 1.2% to 2.6%) for patients who were younger than 35 years at fi rst treatment for Hodgkin disease, 7.4% (95% CI = 5.6% to 9.9%) for patients who were 35 -54 years old at fi rst treatment, and 23.6% (95% CI = 16.2% to 33.5%) for patients who were 55 years or older at fi rst treatment.
We examined risk with respect to both age at fi rst treatment and attained age ( Table 3 ) and found that there was inconsistent evidence for a decrease in relative risk with older attained age within age-at-fi rst-treatment strata and only slight evidence for a decrease in relative risk with older age at fi rst treatment within strata of attained age. Absolute excess risks showed no consistent pattern with either age parameter ( Table 3 ) .
We next examined the risk of mortality from myocardial infarction by treatment. The risk of death from myocardial infarction was increased statistically signifi cantly in patients who had received total nodal irradiation (SMR = 8.9, 95% CI = 5.4 to 13.8), mantle radiotherapy (SMR = 3.2, 95% CI = 2.3 to 4.2), other supradiaphragmatic radiotherapy (SMR = 1.9, 95% CI = 1.2 to 2.9), or radiotherapy to unknown fi elds (SMR = 2.3, 95% CI = 1.4 to 3.6) but not for patients who had received infradiaphragmatic radiotherapy alone (SMR = 1.2, 95% CI = 0.4 to 2.8) ( Table 4 ) . Patients who had received subtotal nodal radiotherapy had a non -statistically signifi cantly increased risk of death from myocardial infarction (SMR = 2.6, 95% CI = 0.8 to 6.0) that was based on small numbers ( Table 4 ). The risk of death from myocardial infarction was statistically signifi cantly increased for patients who had received anthracyclines (SMR =2.9, 95% CI = 1.9 to 4.3), especially those who were treated with the doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) regimen (SMR = 9.5, 95% CI = 3.5 to 20.6). In addition, many other regimens and individual chemotherapeutic agents were associated with statistically signifi cantly increased risks of death from myocardial infarction. When the analyses were confi ned to patients who had not received supradiaphragmatic radiotherapy ( Table 4 ) , there remained statistically signifi cantly increased risks associated with all the chemotherapeutic regimens and agents that were statistically signifi cantly increased in the overall analyses.
We next analyzed the risk of death from myocardial infarction among individuals who had received chemotherapy without supradiaphragmatic radiotherapy or anthracyclines ( Table 4 ). Both the numbers of subjects under analysis and the standardized mortality ratios were reduced: the only statistically signifi cant relative risks were for patients who had received vincristine (SMR = 2.0, 95% .71
All anthracyclines (n = 2826) .49
* SMR = standardized mortality ratio; CI = confidence interval; -= not applicable; LOPP = chlorambucil, vincristine, procarbazine, prednisone; MOPP = mechlorethamine, vincristine, procarbazine, prednisone; ChlVPP = chlorambucil, vinblastine, procarbazine, prednisolone; MVPP = mechlorethamine, vinblastine, procarbazine, prednisone; EVAP = etoposide, vinblastine, Adriamycin (doxorubicin), prednisone; PABLOE = prednisone, Adriamycin (doxorubicin), bleomycin, vincristine, etoposide; ABVD = Adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine; n = number of subjects who contributed any person-years in that category; median follow-up = median follow-up time spent in that category. † Supradiaphragmatic radiotherapy category includes total nodal, subtotal nodal, mantle, other supradiaphragmatic, and unknown-field radiotherapy. ‡ Two-sided, based on Poisson distribution. CI = 1.3 to 2.9), procarbazine (SMR = 1.6, 95% CI = 1.1 to 2.3), prednisone (SMR = 1.6, 95% CI = 1.1 to 2.3), or the combination of chlorambucil, vincristine, procarbarzine, and prednisone (LOPP; SMR = 2.6, 95% CI = 1.1 to 5.1). We observed borderline statistically signifi cant relative risks for patients who had received mechlorethamine, vincristine, procarbazine, and prednisone (MOPP; SMR = 1.7, 95% CI = 1.0 to 2.8) or mustine (SMR = 1.5, 95% CI = 1.0 to 2.3). The standardized mortality ratio for patients treated with vinblastine was not increased (1.1, 95% CI = 0.5 to 2.0). The relative risks for patients who had received procarbazine or prednisone but not vincristine, anthracyclines, or supradiaphragmatic radiotherapy were not increased (SMR = 1.0 [95% CI = 0.4 to 2.0] and 1.0 [95% CI = 0.4 to 2.0], respectively) (data not shown).
It was not possible to analyze the risk of death from myocardial infarction for patients who received vincristine but not procarbazine or prednisone because very few subjects had received that treatment. We next examined the relative risk of death from myocardial infarction according to the length of time since the fi rst treatment with selected treatment modalities. The increased risk for patients treated with anthracyclines overall was largely during the year after fi rst treatment, with non -statistically signifi cantly increased risks and few person-years (data not shown) in subsequent years ( Table 5 ) . Patients who were treated with vincristine overall had statistically signifi cantly increased risks of death from myocardial infarction throughout follow-up; those risks were highest during the fi rst year after the start of treatment and at 20 years or longer after treatment. The risk of death from myocardial infarction among patients who received radiotherapy increased steadily throughout follow-up. The risks among patients who had received both supradiaphragmatic radiotherapy and vincristine without anthracyclines increased sharply after the fi rst year of follow-up, reaching an SMR of 14.8 (95% CI = 4.8 to 34.5) at 20 years or longer after treatment.
Finally, we examined the risk of death from myocardial infarction according to the patient's age at fi rst treatment with the selected treatment modalities. For almost all treatment modalities listed in Table 6 , the relative risk decreased with increasing age at fi rst treatment; the highest risk was for patients who were younger than 35 years at fi rst treatment with anthracyclines, but the risks were also high for those treated with vincristine or supradiaphragmatic radiotherapy before age 35 years. When we subdivided the cohort further by age at fi rst treatment, the standardized mortality ratios for patients who were younger than 25 years at fi rst treatment with any supradiaphragmatic radiotherapy, anthracyclines, or vincristine were 22.6 (95% CI = 12.6 to 37.2), 55.7 (95% CI = 6.7 to 201.1), and 27.6 (95% CI = 11.9 to 54.3), respectively, whereas for patients who were 65 years or older at fi rst treatment, they were 1.4 (95% CI = 0.7 to 2.5), 1.0 (95% CI = 0.1 to 3.5), and 1.4 (95% CI = 0.6 to 2.6), respectively (data not shown). The vincristine-related increased myocardial infarction mortality risk at ages under 35 years, unlike that with anthracyclines, was restricted to patients who had also received supradiaphragmatic radiotherapy.
Discussion
As has been reported in other large cohort studies of Hodgkin disease patients ( 1 , 5 ), we also found that the risk of myocardial infarction mortality was statistically significantly increased in our study cohort compared with the general population. The overall relative risk of death from myocardial infarction was at the lower end of the range of risks that have been reported in the literature ( 4 ); however, because risks vary greatly by age, type of treatment, and length of follow-up, comparisons of risks between studies are informative only if these variables are taken into account. We found that the relative risk of death from myocardial infarction was slightly greater in men than in women; a similar finding was reported in one previous study ( 6 ) but not in another study ( 1 ) . We found that the risk of death from myocardial infarction was high in the year after first treatment, peaked 15 -19 years after treatment was first received and remained statistically significantly increased 20 -24 years after treatment, with some evidence suggesting that the increased risk may persist for even 25 years or longer after treatment. Hancock et al. ( 5 ) found statistically significantly increased relative risks in the first 5 years after initial treatment, and those risks increased further with longer follow-up to a maximum risk at 20 years or more of follow-up. Aleman et al. ( 1 ) found increased risks in the first 5 years (but based on only two deaths) and the risk peaked at 21 -25 years with a decline thereafter, also based on small numbers.
Most ( 4 ), but not all ( 1 , 7 ), of the previous literature on myocardial infarction mortality in patients treated for Hodgkin disease have reported that the relative risk of myocardial infarction mortality decreases with increasing age at fi rst treatment. We found a similar association in our comparatively larger cohort. However, we also found that absolute excess risks of death from myocardial infarction increased with increasing age at fi rst treatment, up to age 65 years at fi rst treatment. Previous smaller cohort studies ( 1 , 6 ) also found greater absolute excess risks with older age at fi rst treatment but did not provide absolute excess risk data for patients who were older than 65 years at fi rst treatment.
We also found, as reported in previous studies ( 4 ) , that the relative risk of death from myocardial infarction decreased with older attained age, a fi nding that refl ects the much lower background risks of death from myocardial infarction at younger versus older ages in the general population (i.e., comparison group). However, the absolute excess risk, which might be of greater relevance to individual patients, peaked for patients aged 55 -64 years and was lower for older patients. One previous study ( 6 ) found no such peak in patients younger than 70 years, whereas another study ( 1 ) found that the absolute excess risk peaked at ages 36 -45 years ( 1 ), although the latter fi nding was based on small numbers.
We found that the patients in our study cohort who had received total nodal irradiation or mantle radiotherapy had statistically signifi cantly several-fold increased risks of death from myocardial infarction compared with the general population. A large literature has documented the widespread cardiovascular complications of high-dose mediastinal radiotherapy ( 2 , 4 -6 , 13 , 14 ) . The greater relative risks that we observed among patients who received total nodal irradiation than among patients who received mantle radiotherapy may refl ect the fact that the former treatment includes a greater volume of the heart within the radiation fi eld as well as overlapping radiation fi elds across the heart. In addition, total nodal irradiation virtually ceased to be used as a treatment in this cohort 20 years ago, whereas mantle treatment continued throughout the study period: the longer average follow-up of patients who received total nodal irradiation would tend to yield greater standardized mortality ratios because radiotherapy-related standardized mortality ratios increase with the length of follow-up.
Patients who had received other supradiaphragmatic radiotherapy also had an increased risk of death from myocardial infarction, but the magnitude of their increased risk was lower than that for patients who received total nodal irradiation or mantle radiotherapy, likely refl ecting the mixed nature of the exposures from these treatments, some of which involved the mediastinum but many of which did not. Similarly, the modestly increased risk we observed for patients who received radiotherapy to an unknown fi eld likely refl ects the fact that the majority of radiotherapy for Hodgkin disease is supradiaphragmatic. Relatively few of the patients in our study cohort had been treated with subtotal nodal irradiation, and the non -statistically signifi cantly increased risk for this treatment had a wide confi dence interval. Our data on mortality by duration since treatment indicate that the increased risks of death from myocardial infarction related to radiotherapy persist for at least 20 -24 years after treatment.
Our study has several limitations. Some of the results are based on small numbers. Also, major risk factors for myocardial infarction, such as smoking history, blood pressure, and serum lipid levels, are potential confounders for our results if these variables differed between the cohort or specifi c treatment groups and the general population. We were not able to adjust the standardized mortality ratios for other risk factors associated with myocardial infarction (nor were authors of other large cohort studies of Hodgkin disease patients), but we believe that there is no obvious reason why these factors should vary substantially between Hodgkin disease patients and the general population. Some issues preclude a defi nitive interpretation of our results that suggest that certain chemotherapeutic agents may cause death from myocardial infarction. First, our analyses of specifi c agents are potentially subject to a high degree of confounding because the use of different agents is often highly correlated; therefore, statistical adjustment cannot be used to discriminate between agents because of colinearity. Second, there are no similar published long-term data for Hodgkin disease patients on myocardial infarction mortality by chemotherapeutic agent and regimen with which to inform interpretation. Previous large cohort studies of Hodgkin disease patients have analyzed the risk of death from myocardial infarction only in relation to chemotherapy overall and not to specifi c agents; one study ( 7 ) found a lower risk of myocardial infarction mortality after chemotherapy than after mediastinal irradiation, whereas another study ( 6 ) found somewhat lower risks after chemotherapy plus mediastinal radiation than after mediastinal radiation alone, probably due to lower dose and smaller radiation fi eld size in the combined modality setting ( 6 ) . We found that the statistically signifi cantly increased myocardial infarction mortality risks associated with several chemotherapeutic treatment regimens and agents persisted even when we excluded the one well-established therapeutic cause of myocardial infarction mortality in Hodgkin disease patients, supradiaphragmatic radiotherapy, from the analysis. On the basis of the previous literature ( 4 ) and the magnitudes of risks observed in our cohort, we conclude that the most likely chemotherapeutic cause of increased risk of death from myocardial infarction is treatment with anthracyclines.
A considerable body of work has shown that anthracyclines can lead to acute toxic cardiomyopathy ( 4 , 8 ) . Various chronic cardiac complications have been described in children who have been treated with anthracyclines ( 4 ). In addition, some cases of late cardiac death after apparent recovery from anthracycline-induced heart failure have been noted in adults ( 15 ) , and very high standardized mortality ratios for "clinical cardiac events" after treatment with anthracyclines, especially mitoxantrone and doxorubicin, were reported in a cohort of 476 adult patients in Mexico ( 16 ) .
However, to our knowledge, there has not been an analysis of the long-term risks of myocardial infarction mortality or incidence after anthracycline treatment for Hodgkin disease. Moser et al. ( 17 ) reported that in patients with non-Hodgkin lymphoma who were treated with doxorubicin-based chemotherapy, the long-term risk of myocardial infarction incidence was not increased for follow-up overall but was, on the basis of much smaller numbers than our study, statistically signifi cantly increased beyond 5 years after treatment. However, the non-Hodgkin lymphoma patients in that study were, in general, considerably older than the patients in our study cohort, and our data showed that anthracycline-related relative risks were much higher for patients who were treated at younger versus older ages. In addition, our data were for myocardial infarction mortality, not incidence, and thus, our results would be affected by any adverse effect of chemotherapeutic agents on survival after myocardial infarction as well as by effects on myocardial infarction occurrence. The particularly high risks of death from myocardial infarction in our study cohort after treatment with the ABVD regimen might refl ect effects on myocardial infarction mortality of right heart strain resulting from the pulmonary effects of bleomycin, as well as the cardiac effects of doxorubicin. The reason why myocardial infarction mortality risk was greater after ABVD than after PABLOE (prednisone, doxorubicin, bleomycin, vincristine, etoposide), the other main regimen containing bleomycin and doxorubicin in our cohort, may be that ABVD was virtually always given alone (i.e., as six cycles), whereas PABLOE was generally part of an alternating regimen, so that only three cycles were usually given. Our analysis of other chemotherapies in patients who had not received supradiaphragmatic radiotherapy or anthracyclines revealed that vincristine, procarbazine, prednisone, and regimens that contain all these agents (i.e., LOPP and MOPP) were associated with statistically signifi cantly or borderline statistically signifi cantly increased risks of death from myocardial infarction; the risks were especially increased for vincristine and LOPP. There is published evidence for the cardiotoxicity of vincristine but not of procarbazine or prednisone ( 8 ) . Further evidence from our study suggesting that vincristine rather than procarbazine or prednisone was responsible for the increased risk is that myocardial infarction mortality risks associated with procarbazine and prednisone were not increased in patients who had not received vincristine. Some striking case reports ( 18 , 19 ) have described myocardial infarction occurring in close temporal proximity to vincristine therapy, but there are no published data, to our knowledge, on the long-term risk of myocardial infarction after vincristine therapy. Vincristine has been associated with autonomic cardioneuropathy ( 8 ) , and this association distinguishes it from vinblastine, for which raised myocardial infarction mortality risk was not seen in our data.
Overall, our data suggest, but do not give conclusive evidence, that treatment with vincristine may increase the long-term risk of death from myocardial infarction. The fi ndings point to the need to re-examine the relationship between vincristine and myocardial infarction mortality in other cohorts and for a more detailed examination of this relationship, which we plan to do by a nested case -control study.
